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a b s t r a c t 
Autoignition of n-heptane sprays in a methane/air mixture and the subsequent methane premixed ﬂame ig- 
nition, a constant volume conﬁguration relevant to pilot-ignited dual fuel engines, was investigated by DNS. 
It was found that reducing the pilot fuel quantity, increases its autoignition time. This is attributed to the 
faster disappearance of the most reactive mixture fraction (predicted from homogeneous reactor calcula- 
tions) which is quite rich. Consequently, ignition of the n-heptane occurs at leaner mixtures. The premixed 
methane ﬂame is eventually ignited due to heating gained by the pressure rise caused by the n-heptane 
oxidation, and heat and mass transfer of intermediates from the n-heptane autoignition kernels. For large 
amounts of the pilot fuel, the combustion of the n-heptane results in signiﬁcant adiabatic compression of 
the methane–air mixture. Hence the slow methane oxidation is accelerated and is further promoted by the 
presence of species in the oxidizer stream originating from the already ignited regions. For small amounts 
of the pilot fuel intermediates reach the oxidizer stream faster due to the very lean mixtures surrounding 
the n-heptane ignition kernels. Therefore, the premixed methane oxidation is initiated at intermediate tem- 
peratures. Depending on the amount of n-heptane, different statistical behaviour of the methane oxidation 
is observed when this is investigated in a reaction progress variable space. In particular for large amounts 
of n-heptane the methane oxidation follows roughly an autoignition regime, whereas for small amounts of 
n-heptane methane oxidation is similar to a canonical premixed ﬂame. The data can be used for validation of 
various turbulent combustion models for dual-fuel combustion. 
© 2015 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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h  1. Introduction 
Reciprocating engines is an important and growing area for nat-
ural gas utilization due to the lower NO x , CO 2 and soot emissions
achieved [1–3] . The small propensity of natural gas to autoignite al-
lows high intake pressures and high compression ratios with tur-
bochargers [1,3,4] , which then allows high thermodynamic eﬃcien-
cies [1,3,5] . Small natural gas engines are typically ignited by a spark
[3,6] . However, large-bore engines as in power generation and the
marine engine sector, where the pressure at the time of ignition is
high, are typically ignited by a pre-chamber and a jet [7,8] , or by a pi-
lot injection of a liquid fuel which is easy to autoignite [1,3–5] . Essen-
tially, the ignition centres of the pilot fuel provide the energy required
for the initiation of the gaseous premixed ﬂame [5,6,9–11] . This sec-
ond mode of ignition, which involves autoignition of a pilot spray in∗ Corresponding author. fax: + 44 1223 339906. 
E-mail address: ed398@cam.ac.uk (E. Demosthenous). 
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http://dx.doi.org/10.1016/j.combustﬂame.2015.09.013 
0010-2180/© 2015 The Authors. Published by Elsevier Inc. on behalf of The Combustion Instit
( http://creativecommons.org/licenses/by/4.0/ ).  oxidiser that is already mixed with another fuel is studied in this
aper from a fundamental perspective. 
There is only limited work in the context of simulations and exper-
ments for this complex problem. From a practical perspective, previ-
us research has focused on rapid compression machines [11,12] and
ingle cylinder four stroke direct injection engines [2,10,13,14] . One
f the key ﬁndings was that ignition of the pilot spray is retarded
n the presence of methane [2,11,12,14] , and that OH ∗ chemilumines-
ence intensity is increased, indicating an active role of methane in
he combustion process [10,11] . It was also observed that increasing
he number of holes in the liquid fuel injector enhances methane con-
umption [11,15] due to the larger number of the pilot fuel ignition
entres that were available. In an effort to enhance the knowledge
rom the experimental observations various numerical approaches
ave been attempted aiming to model the combustion of a gaseous
uel mixed with air, ignited by the injection of a higher hydrocarbon
uel under engine relevant conditions [15–17] , but there is very lim-
ted use of advanced turbulent combustion models. Schlatter et al.
2011) [16] used a two-dimensional Conditional Moment Closureute. This is an open access article under the CC BY license 
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(  CMC) formulation and deﬁned the hot spots predicted from the CMC
odel as the initial kernels of a premixed ﬂame model [16] . However,
ince the ignition spots were simpliﬁed as premixed ﬂame kernels,
he exact mechanism causing the premixed methane ﬂame initiation
nd the extent to which the ﬂame is sustained was not examined.
he structure of premixed ﬂames in a conditioning-variable space, as
n CMC, has been explored [18,19] , but ignition of such ﬂame through
econd fuel autoignition has not been studied. 
The description of the combustion of a gaseous fuel in the pres-
nce of a higher hydrocarbon fuel poses another challenge, the choice
f the chemical scheme to implement in order to model the simulta-
eous oxidation of both fuels. Various attempts have been reported
n order to construct computationally viable mechanisms under en-
ine relevant conditions; for example Khalil et al. (1996) examined
 detailed scheme and derived a reduced scheme [9] . Conversely,
aghbouli et al. (2013) added oxidation paths of methane to an ex-
sting mechanism of higher hydrocarbon (n-heptane) in order to fa-
ilitate dual fuel investigations [17] . Schlatter et al. (2011) [16] used a
hemical mechanism validated for n-heptane autoignition (pilot fuel)
hich contains methane [20] , but it was not veriﬁed whether this can
dequately describe the methane oxidation. 
Apart from simulations based on RANS and the above-mentioned
reliminary experiments there is no fundamental study of dual fuel
ombustion with two-phase turbulent combustion simulations. Di-
ect Numerical Simulations (DNS) have proven to be a valuable tool
or providing information on the autoignition and spark ignition of
urbulent sprays [21–26] . Nevertheless the second fuel in the oxi-
iser is expected to alter the way autoignition kernels develop as
eviewed in Ref. [27] and in greater extent the propagation in a gas-
uelled premixed mixture. The dual fuel combustion problem can also
e thought of as an extension of the turbulent premixed ﬂame prob-
em in the sense that the hot kernel comes from liquid fuel autoigni-
ion rather than heat addition to a ﬂuid of homogeneous composition
28,29] . Notwithstanding the information provided by DNS of turbu-
ent spray combustion and premixed ﬂame investigations, the dual
uel combustion case is characterised by complex ﬂame structures
eaturing both non-premixed autoignition and premixed ﬂames [30]
nd the fundamentals of these processes have not been studied in the
ecessary detail before [3] . 
The speciﬁc objectives of this work are: (i) to investigate the fun-
amentals of liquid fuel (n-heptane) autoignition in the presence of
ethane; (ii) to demonstrate how the autoignition of the n-heptane
s affected by the amount of the liquid fuel; and (iii) to investigate
he premixed methane ﬂame initiation mechanism and how this is
ffected by the amount of n-heptane. This investigation is performed
n the context of two phase DNS using complex chemistry. The pilot
uel quantity is varied while the temperature, turbulence intensity,
nd premixed methane equivalence ratio are kept constant. 
. Mathematical formulation 
.1. Overview 
The details of the code and the governing equations have been
escribed in previous works considering spark ignition of turbulent
prays [22,23] and autoignition of turbulent sprays under high pres-
ures and intermediate temperatures [24,31] . Therefore, the govern-
ng equations for the liquid and gaseous phases are provided here
s Supplementary Material for the interested reader for the pur-
oses of completeness. In summary, the liquid phase consisted of n-
eptane droplets and was treated with the Lagrangian point-source
pproximation assuming uniform temperature within the droplet.
he droplet evaporation rate and the amount of heat exchanged with
he gaseous phase were computed based on the thin ﬁlm assump-
ion [32] . The physical properties of the air/vapour mixture in the
lm were evaluated according to the 1/3 rule [33] . For each droplet set of equations was solved in order to determine its position, ve-
ocity, diameter, and temperature [34] . The droplet Spalding numbers
or heat and mass transfer appearing in the liquid phase governing
quations were evaluated according to [34] and are variable with
ime. Regarding the gaseous phase, fully compressible ﬂuid is con-
idered. The temporal and spatial evolution of the gaseous phase is
escribed by the continuity of mass, momentum, internal energy, and
 s − 1 transport equations for conservation of species mass fraction,
here N s is the number of species for which transport equations are
olved. The Lewis number is assumed to be equal to unity for all the
pecies. The heat capacity and enthalpy for the species are evaluated
sing ﬁfth order polynomials provided by [20] . In order to account
or the changes in mass, momentum, and energy due to evaporation
 liquid source term appears in the gaseous-phase governing equa-
ions. The liquid source terms are assigned to the gaseous phase up
o a cut-off, according to a distance function which decreases expo-
entially with increasing distance from the centre of the droplet [21–
4] . Complex chemistry is employed and the various reaction rates
re computed according to the Liu et al. (2004) mechanism [20] . Val-
dation for the implementation of the particular chemical scheme is
iscussed in Section 2.3 and in the Appendix. 
.2. Numerical procedure 
The governing equations were solved using the three-dimensional
ompressible DNS code SENGA2, previously used for a variety of tur-
ulent combustion problems [22–24,35,36] . A tenth-order explicit
entral difference scheme was employed for the computation of the
rst and second order spatial derivatives [37] . In order to enable the
alculation of stiff chemistry, operator splitting between transport
nd chemistry was implemented. Application of operator splitting in
NS was studied and validated in previous investigations [38,39] . The
ransport is solved explicitly while the chemical source contribution
s solved by a stiff ODE integrator. In particular, the gaseous-phase
nd liquid-phase transport equations were advanced using a fourth-
rder, low-storage explicit Runge–Kutta scheme [40] with a time step
t = 5 . 0 × 10 −9 s, while the implicit solver VODPK [41] was used
or advancing in time the gas-phase chemical reactions. The time
tep was chosen to be smaller than the acoustic time scale in a grid
ell ( x/ 
√ 
γ (R/W air )T ), which represents the smallest non-chemical
ime scale in the simulation. 
.3. Chemical mechanism 
The reduced mechanism of Liu et al. (2004) [20] was used con-
aining 22 non steady-state species and 18 global steps. The reduced
echanism was derived from a skeletal mechanism consisting of 43
pecies and 185 reactions. It was validated by Liu et al. (2004) [20] in
erms of the ignition delay time of homogeneous heptane mixtures
sing the experimental data of Ciezky and Adomeit (1993) [42] . The
cheme has been used previously for heptane autoignition problems
23,24,43,44] and contains methane. A parametric study was per-
ormed to examine the behaviour of the mechanism under different
quivalence ratios of methane in air, pressures and temperatures con-
idering adiabatic homogeneous n-heptane/oxidiser mixtures, with 
he oxidiser being a methane/air mixture (see Section 3 ). Homoge-
eous reactor calculations were also performed using the skeletal
cheme [20] and are presented in Appendix A.1 . In general, the igni-
ion delay time and most reactive mixture fraction values predicted
y the reduced scheme follow the same trend and only differ about
% from the values given by the skeletal scheme. In order to examine
f the mechanism employed is also representative of methane com-
ustion, one-dimensional laminar premixed ﬂame calculations were
erformed with the skeletal scheme using the Cosilab package [45]
see Appendix A.2 ). The laminar ﬂame speeds and species proﬁles
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Fig. 1. Schematic of the conﬁguration in case A (left) and case B (right). Grey corre- 
sponds to the initial droplet laden regions. 
Table 1 
Spray and turbulence parameters for the DNS cases investigated. 
Parameter Case A Case B 
R 0.55 0.16 
Droplets conﬁguration Layer: x = 0 . 35 –0 . 65 L Sphere: R = 0 . 185 L 
0 2.08 4.4 
τe v ap (ms) 0.998 0.965 
τturb = l tu ′ (ms) 0.6 0.6 
Re t 60 60 
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m  were compared with the corresponding proﬁles predicted by the GRI-
3.0 mechanism [46] at the DNS conditions. Results are qualitatively
and quantitatively similar for the two chemical mechanisms as dis-
cussed in Appendix A.2 . The reduced scheme [20] was also used to
model the ignition and combustion of a heptane spray in a lean pre-
mixed methane/air mixture [11] . The agreement was reasonably good
and the trend observed in the experiment was reproduced in the nu-
merical investigation. Therefore, the Liu et al. (2004) scheme is able to
describe reasonably well the methane premixed ﬂame once initiated
for the purposes of this work. 
2.4. Simulation parameters and problem set-up 
In the present study, the cubic domain had a length of L = 2 . 4 mm
and uniform grid spacing resolution of 23 μm resulting in 104 grid
nodes in each direction. A grid independence analysis performed a
posteriori on the DNS data set is presented in Appendix B . The ini-
tial ambient pressure was P 0 = 24 bar and the temperature of the ox-
idizer stream was 1,050 K. The pressure chosen is lower than what is
usually encountered in diesel engines, but it is also below the critical
pressure of n-heptane ( P c = 27 . 6 bar [47] ). Under supercritical condi-
tions, the evaporation model may not be valid [47] , hence subcritical
pressure is initially considered in this work. Additionally, similar tem-
perature and pressure values were also used in previous numerical
investigations of spray autoignition in HCCI engines [24] and experi-
mental investigations of dual fuel engines [2] suggesting that the con-
ditions investigated are plausible. Periodic boundary conditions were
applied to all spatial directions therefore mimicking constant volume
conﬁguration. The oxidiser stream consisted of air and methane at an
equivalence ratio of 0.6. 
The turbulent velocity ﬁeld was initialised according to a
Batchelor–Townsend [48] energy spectrum with integral length scale
l t of the order of L /6. The turbulence was isotropic and decaying, and
there was no initial mean ﬂow. The initial turbulent velocity ﬂuctua-
tion magnitude was u ′ 0 = 0 . 78 m / s and the turbulent Reynolds num-
ber Re t = u ′ l t /ν = 60 . The Re t employed in this study is similar to
the Re t employed in several previous studies of turbulent spray au-
toignition and turbulent premixed ﬂames [22–25,28,29] ; although it
might be low compared to the Re t encountered in practical applica-
tions, it is considered as a feasible realisation of a combustion mode
that has not been studied before by high ﬁdelity simulations. Exami-
nation of the temporal evolution of the turbulent kinetic energy, the
energy dissipation, and the integral length scale (not shown here) re-
vealed that the turbulence decays as expected and that when the pre-
mixed ﬂame is initiated the turbulent Reynolds number has fallen to
about one third of its initial nominal value. The initial value of the
Kolmogorov length scale was ηK = 25 . 2 μm , indicating that the tur-
bulence was well resolved. The initial droplet velocity was set equal
to that of the background carrier-phase and the droplet temperature
was T F = 450 K. The initial droplet diameter was set equal to 25 μm
in all simulations. 
Two cases were simulated that differed in the amount of n-
heptane and hence number of droplets. The amount of n-heptane was
described by the parameter R : 
R = m C7 LCV C7 
m C7 LCV C7 + m C1 LCV C1 
(1)
where m C 7 represents the total mass of n-heptane in the domain
and m C 1 the total mass of methane. The Lower Caloriﬁc Values
of n-heptane ( LCV C 7 ) and methane ( LCV C 1 ) are 44.926 MJ/kg and
50.016 MJ/kg, respectively [49] . For case A, R A = 0 . 55 whereas for case
B, R B = 0 . 16 . The two cases also differed in the spatial distribution of
the droplets: for case A they were randomly distributed in a layer ex-
tending from x = 0 . 35 L to x = 0 . 65 L, whereas, for case B they were
randomly distributed in a sphere with its centre at the centre of the
domain and radius equal to 0.185 L (as illustrated in Fig. 1 ). Thus, thewo cases also differ in the overall equivalence ratio in the droplet
aden region, 0 ( Eq. (2) ), which is equal to 2.08 for case A and 4.4
or case B. 
0 = 
nm d 
(m ox )d (m C 7 H 16 
m ox 
)
st 
(2)
here n is the number of droplets and m d is the initial mass of each
roplet (mono-disperse spray is considered here). The mass of the
xidiser ( m ox ) d considered for the computation of 0 refers to the
xygen present in the droplet laden region. The denominator repre-
ents the ratio of the mass of n-heptane over the mass of oxygen at
toichiometry, (
m C 7 H 16 
m ox 
)st = 0 . 284 . Details for the simulations inves-
igated are outlined in Table 1 together with the evaporation time
 τe v ap ) and eddy turn-over time ( τ turb ). The τe v ap is taken as the time
hen all droplets evaporated, evaluated as in [34] . 
The cases investigated offer a solid ground to deduce conclusions
n the behaviour of the system for different amounts of n-heptane.
t is of interest to study cases that differ in the amount of the pilot
uel quantity, i.e. with different R because the different R may lead to
ifferent adiabatic compression of the methane/air mixture. Conse-
uently, the methane/air mixture may autoignite rather than burn by
ame propagation. This phenomenon is broadly identiﬁed as knock
f the dual fuel engine [3,10] , caused by excessive pressure rise as-
ociated with the pilot fuel quantity. Furthermore, the conﬁgurations
hosen will not affect the primary goal of this study which is to in-
estigate the physics of liquid fuel autoignition and the ensuing ﬂame
ropagation. Finally the resulting equivalence ratio ensures the exis-
ence of adequate amount of n-heptane in the droplet laden region in
rder to produce favourable conditions for ignition for both cases. 
In processing the numerical results, a mixture fraction ξ based on
he nitrogen mass fraction, Y N 2 , was used ranging between 0 in the
xidizer stream (i.e. ξ = 0 refers to the methane/air mixture) and 1
n the n-heptane, namely 
= 
Y N 2 − Y o N 2 
Y F 
N 2 
− Y o 
N 2 
(3)
here Y o 
N 2 
is the value of Y N 2 in the oxidizer stream and Y 
F 
N 2 
the value
f Y N 2 in the fuel stream (n-heptane). In order to investigate the pre-
ixed ﬂame evolution, a progress variable based on the methane
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Fig. 2. Ignition delay time of homogeneous n-heptane/oxidizer mixtures, where the 
oxidizer ( ξ = 0 ) is a methane–air mixture at the indicated equivalence ratio ( φCH 4 ) and 
T ox = 1050 K. Each mixture initial condition is determined from inert mixing of the 
oxidiser and the n-heptane fuel stream ( ξ = 1 , T F = 450 K). For each set of conditions 
the shortest ignition delay time, namely τ id , is observed for a mixture fraction denoted 
as ξMR . 
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Table 2 
The minimum autoignition time, τ id , and 
the most reactive mixture fraction, ξMR , 
from homogeneous reactor calculations. 
See Section 3 for the initial conditions of 
these simulations. The autoignition time of 
the methane–air mixture, τ id ,0 , is also given. 
φCH 4 τ id [ms] ξMR τ id ,0 [ms] 
0 0.790 0.198 - 
0.6 0.834 0.210 16.768 
Fig. 3. Ignition delay time of ξ = 0 ( τ id ,0 ) against φCH 4 under different pressures. The 
value of the τ id ,0 is also computed for adiabatic compression conditions from P 0 = 
24 bar ( T 0 = 1050 K) to P ﬁn = 38 bar ( T ﬁn = 1200 K). 
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a  ass fraction was introduced, which conditioned at ξ = 0 gives: 
(ξ = 0 ) = 
Y inert CH 4 − Y CH 4 
Y inert 
CH 4 
(4) 
ence, C = 0 means that the methane present in the methane/air
tream has not reacted yet, whereas C = 1 indicates fully burnt
ethane. 
. Results 
.1. Autoignition of homogeneous mixtures 
Calculations of the ignition delay time in homogeneous systems
rovide useful insights for understanding the physics of autoignition
n turbulent sprays [27] . In this context, calculations of the ignition
elay time of homogeneous n-heptane/oxidiser mixtures were per-
ormed, with the oxidiser being a mixture of air and methane at a
iven equivalence ratio ( φCH 4 ). The initial temperature and composi-
ion in mixture fraction space (0 < ξ < 1) is computed assuming inert
ixing between the n-heptane and the oxidizer stream following the
ethodology proposed in [50] and discussed in [27] . The temperature
f the oxidiser stream ( ξ = 0) is 1050 K whereas the temperature of
he n-heptane ( ξ = 1) is 450 K and pressure is either 24 bar or 40 bar.
utoignition was deﬁned as the time when the temperature reached
250 K.The same criterion was used for the DNS results discussed
ater. This method of setting a temperature cut-off to deﬁne autoigni-
ion was previously used in DNS of spray autoignition [24,31] and in
ther numerical investigations of dual fuel combustion [16] . Setting
 different tem perature value to deﬁne autoignition would not cause
ny appreciable change in the ignition delay time due to the rapid
ncrease of temperature at ignition. For each set of conditions, the
hortest ignition delay time, τ id , is observed for a composition de-
ned as the most reactive mixture fraction ( ξMR ). 
The resulting ignition delay times are presented in Fig. 2 . Com-
arison of the φCH 4 = 0 and φCH 4 = 0.6 cases indicates that increas-
ng the amount of methane in the oxidizer stream, increases the
alue of the τ and shifts the value of the ξ to richer mixtures,id MR ee also Table 2 . Considering the φCH 4 = 0.6 curves at 24 bar and
0 bar, the ignition delay time increases signiﬁcantly for both cases
hile approaching ξ = 0 , i.e. the ignition time of the premixed
ethane/air mixture ( τ id ,0 ) is signiﬁcantly longer than the ignition
ime of the n-heptane/oxidiser mixture. This is the main feature of
ilot ignited natural gas engines [3,12] which is therefore reproduced
y the chemical mechanism employed. The ignition delay time is also
ensitive to pressure as depicted in Fig. 2 . 
In order to investigate the effect of pressure and methane con-
ent on τ id , 0 , homogeneous reactor calculations were performed for
 wide range of φCH 4 under different pressures and the results are
llustrated in Fig. 3 . The ignition delay at ξ = 0 ( τ id ,0 ) is over one or-
er of magnitude higher than the value of τ id observed in Fig. 2 . This
ehaviour was also observed in previous experimental [12] and nu-
erical investigations using detailed chemical schemes [9] . Increas-
ng pressure reduces the ignition delay time of methane ( Fig. 3 ). In
onstant volume systems, due to the combustion of n-heptane at
icher mixtures ( ξ > 0), the methane/air mixture is subject to in-
reased temperatures in addition to increased pressures due to adi-
batic compression. It is therefore necessary to investigate the τ id , 0 
nder increased temperature and pressure conditions. Setting the ﬁ-
al pressure P ﬁn = 38 bar (equal to half of the maximum pressure
bserved in the DNS - case A) and performing adiabatic compres-
ion from 24 bar to 38 bar ( T ﬁn = 1200 K), a reduced ignition delay
ime is determined and plotted in Fig. 3 . The resulting τ id , 0 under the
bove-mentioned conditions is signiﬁcantly shorter than τ id , 0 under
he nominal initial conditions ( T = 1050 K, P = 24 bar). Consequently,
f the pressure and temperature rise are high enough, methane might
utoignite rather than burn by premixed ﬂame propagation. Note that
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Fig. 4. Left: reference ignition delay time ( τ id ) of homogeneous n-heptane/oxidiser mixtures for a range of φCH 4 in the oxidiser stream. The value of the τ id is computed for different 
pressures and oxidiser ( ξ = 0 ) temperatures while the n-heptane ( ξ = 1 ) temperature is 450 K in all cases. Right: most reactive mixture fraction ( ξMR ) corresponding to the value 
of the τ id on the left. The stoichiometric mixture fraction ( ξ st ) is also shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Temporal evolution of volume averaged temperature and pressure for the DNS 
cases A and B. 
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n  the value of R ( Eq. (1) ) will crucially affect the level of adiabatic com-
pression. 
In order to examine the effect of the presence of methane in the
oxidiser stream on the autoignition of n-heptane, τ id and ξMR are
plotted for a range of equivalence ratios of methane ( φCH 4 ) in Fig. 4 .
It is evident that ignition of n-heptane in the presence of methane is
retarded and that increasing the φCH 4 increases the τ id further. This
is consistent with previous experimental [11,12,14] and numerical
[9,16,17] investigations that revealed the inhibiting effect of methane
on the ignition delay time of n-heptane. However, increasing pressure
makes the ignition delay time of n-heptane less sensitive to changes
in φCH 4 . This is more pronounced at high temperatures for the range
of the equivalence ratios investigated. For example at P = 40 bar, the
ignition delay time of n-heptane is increased by 42% for T = 850 K (in-
creasing φCH 4 from 0 to 2.0), whereas for T = 1050 K this increase is
no more than 16%. In addition, increasing φCH 4 , shifts the autoignition
of n-heptane to richer mixtures as depicted by Fig. 4 . Increasing the
oxidizer temperature (from 850 K to 1050 K) results in even richer
most reactive mixture fractions because they correspond to higher
initial temperature. In particular ignition at 850 K occurs close to the
stoichiometric mixture fraction ( ξ st evaluated as [51] ) whereas for
1050 K, ignition occurs around 3 ξ st . Nevertheless, there seems to ex-
ist an upper limit on how rich ξMR could be for low pressures as cap-
tured from the curve at 10 bar. This trend is also present for even
lower pressures (not shown here). 
3.2. DNS results 
3.2.1. General remarks 
The temporal evolution of the volume averaged temperature and
pressure is shown in Fig. 5 . Due to the higher amount of n-heptane,
the volume averaged temperature of case A is signiﬁcantly affected by
cooling due to evaporation. However, this temperature drop is soon
overcome, and case A undergoes thermal runaway earlier than case B
as also shown by the corresponding pressure traces. Furthermore, the
temperature and pressure rise during the thermal runaway, is steeper
for case A than for case B. From such volume-averaged quantities, ig-
nition may be considered to occur at about 1.2 ms, which is longer
than the minimum ignition time of n-heptane/methane–air mixturesbserved in Fig. 4 . The time of appearance of the ﬁrst ignition spot
n the turbulent ﬂow is compared to τ id later ( Section 3.2.3 ). The
emainder of this work is dedicated to a detailed description of n-
eptane autoignition and premixed methane ﬂame initiation. 
.2.2. Pre-ignition phase 
Prior to ignition, droplet evaporation and mixing of the fuel
apour with the ambient air are the dominant processes. Once a re-
ctive mixture is formed, the heat release rate starts to be signiﬁcant
24] . Figures 6 and 7 show the distribution of heat release rate (HRR),
H 4 reaction rate, scalar dissipation rate ( N ) and mass fractions of
H 2 O, OH, and HO 2 in mixture fraction space early before ignition,
t t = 0 . 650 ms. It is evident that case A exhibits higher scalar dissi-
ation rates, especially in the range 0.1 ≤ ξ ≤ 0.2. The greater num-
er of droplets with the combination of lower 0 introduces a larger
umber of evaporation centres and signiﬁcant stratiﬁcation of the
E. Demosthenous et al. / Combustion and Flame 163 (2016) 122–137 127 
Fig. 6. Scatter plots of heat release rate (HRR), CH 4 reaction rate, scalar dissipation rate ( N ) and mass fractions of CH 2 O, OH and HO 2 at t = 0.650 ms. Data shown correspond to 
case A. 
Fig. 7. Scatter plots of heat release rate (HRR), CH 4 reaction rate, scalar dissipation rate ( N ) and mass fractions of CH 2 O, OH and HO 2 at t = 0.650 ms. Data shown correspond to 
case B. 
128 E. Demosthenous et al. / Combustion and Flame 163 (2016) 122–137 
Fig. 8. Doubly conditioned heat release rate (HRR) for the indicated scalar dissipation rate range for case A (upper) and B (lower). 
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(  mixture and hence mixture fraction gradients. The high scalar dissi-
pation at 0.1 ≤ ξ ≤ 0.2 coincides with the corresponding lower values
of the heat release rate and the production rates of the intermediate
species. Methane is produced for 0.07 ≤ ξ ≤ 0.15, where mass frac-
tions of CH 2 O, OH, and HO 2 peak, while it is being consumed for ξ
< 0.07 and ξ > 0.15. This behaviour of alternate consumption and
production is a result of the impact of temperature, oxygen and the
competition between the two fuels: the n-heptane and the methane.
At lean mixture fractions ( ξ < 0.07) the high temperature and high
concentration of methane results in the consumption of methane. At
the other extreme, i.e. ξ > 0.15, the temperature range falls within
the low temperature regime for oxidation of methane favoured in the
presence of oxygen [52] . Intermediate mixture fractions contribute
to the formation of a pool of radicals (OH, HO 2 ) and intermediate
species (CH 2 O) [24] and methane appears also as part of the oxida-
tion path of n-heptane. It worth noting the ﬁnite concentration of OH
near the ξ ≈ 0 regions depicting the early but very slow oxidation of
methane present in the oxidiser stream. The complexity of the pre-
ignition period stems from the simultaneous occurrence of physical
(evaporation) and chemical processes and their mutual interactions
generating mixture fraction gradients as suggested by the scalar dis-
sipation rate distribution. 
Since there is a lot of scatter and the chemical rates span several
orders of magnitude it is better to parameterise the early stages con-
ditioned both on mixture fraction and scalar dissipation rate [53] . The
doubly conditioned heat release rate is plotted in Fig. 8 for different
time instants for the indicated values of scalar dissipation. Higher
heat release rate is associated with low values of scalar dissipation
for both cases, as observed in previous investigations of n-heptane
autoignition [24] . Initially, case B exhibits higher heat release rates as
it is less affected by evaporative cooling. However, as time advances,
this trend is compensated by the smaller amount of n-heptane and,
by the time the system undergoes the runaway, rich mixtures do not w  xist. Figure 8 also demonstrates that while high heat release rate in
ich mixtures occurs for low values of scalar dissipation, at lean mix-
ures the main contribution of heat release rate comes from higher
calar dissipation regions of the ﬂow. 
.2.3. Ignition phase 
As revealed from Fig. 8 , the system is evolving towards ignition
ith the heat release rate increasing signiﬁcantly around ξ = 0.21.
his is close to the value predicted from the homogeneous reactor
alculations ( Fig. 2 ), as previously observed in autoignition of tur-
ulent sprays in air [24,25] . Indeed, ignition for case A occurs at
DNS,A 
id 
= 1 . 035 ms, at ξ = 0 . 213 as depicted in Fig. 9 showing scat-
er plots of temperature, CH 4 reaction rate, and mass fractions of
 2 and OH. Rapid depletion of O 2 and formation of radicals is quite
oncentrated in mixture fractions around ξMR . Methane is consumed
t the ignition location and the consumption rate is several orders of
agnitude higher than any activity near the ξ ≈ 0 region, which in
urn appears to be negligible. The scatter plots of case B at the ignition
ime ( Fig. 10 ) reveal a different behaviour: high temperature regions
pan over greater range of mixture fraction values, albeit lower than
MR . Ignition for case B occurs at τ
DNS,B 
id 
= 1 . 148 ms around ξ = 0 . 15
s shown in Fig. 10 . The picture emerging in physical space is that
utoignition is characterised by localised kernels originating from
ich mixtures, that grow and expand into leaner mixtures. Figure 11
hows the temperature iso-surface of T = 1250 K soon after ignition
oloured according to the mixture fraction. Localised autoignition
ernels are evident for both cases. Due to the composition of case
 which involves leaner mixtures, only one kernel is evident that is
urrounded by very lean mixtures. Indeed, the T = 1250 K iso-surface
f case B expands to leaner mixtures than for case A, approaching
ixtures with ξ ≈ 0, even though ignition for case A occurred earlier
 τDNS,A 
id 
< τDNS,B 
id 
). Figure 12 shows the probability of ﬁnding mixtures
ith composition equal to ξ and the corresponding conditionallyMR 
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Fig. 9. Scatter plots of temperature, CH 4 reaction rate, and mass fractions of O 2 and OH taken at the ignition time of case A, τ
DNS,A 
id 
= 1.035 ms. 
Fig. 10. Scatter plots of temperature, CH 4 reaction rate, and mass fractions of O 2 and OH taken at the ignition time of case B, τ
DNS,B 
id 
= 1.148 ms. 
Fig. 11. Iso-surface of T = 1250 K coloured by mixture fraction, soon after the ﬁrst 
appearance of ignition. Case A (left): t = 1.16 ms. Case B (right): t = 1.30 ms. 
Fig. 12. Temporal evolution of the probability of occurrence of ξ = ξMR ( P ( ξMR )) and of 
the corresponding conditional temperature at ξMR 〈 T | ξMR 〉 , with ξMR = 0.21 as pre- 
dicted by the homogeneous reactor calculations. The threshold of 1250 K used for 
deﬁning the ignition time is also shown. 
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i  veraged temperature. Since ξMR is quite rich, a signiﬁcant amount of
iquid fuel needs to be evaporated and ξMR ﬁrst appears after 0.2 ms
or both cases. The temperature then increases, but ξ for case B isMR ost prior to the steep rise, due to mixing caused by turbulence [31] .
herefore, ignition shifts to leaner mixtures resulting in a longer ig-
ition delay time compared to case A. Both cases ignite later than τ id 
 Table 1 ) due to a combination of ﬁnite scalar dissipation and evap-
rative cooling as previously observed for autoignition of turbulent
prays in air [24] . 
.2.4. Propagation in mixture fraction space 
The temporal evolution of conditionally averaged temperature,
H 4 , CH 2 O and OH mass fractions, denoted as 〈 T | ξ 〉 , 〈 CH 4 | ξ 〉 ,
 CH 2 O| ξ 〉 and 〈 OH| ξ 〉 , respectively, are shown in Fig. 13 , conditioned
n mixture fraction. As time progresses and mixing occurs, the mix-
ure fraction range and scalar dissipation values are reduced. After
gnition, the peak temperature increases and moves to leaner mix-
ure fractions for both cases. Consistent with the proﬁle of 〈 T | ξ 〉 , the
eak of 〈 OH| ξ 〉 increases and moves to leaner mixtures. The higher
eak temperature for case A at the last instant plotted, t 5 = 1.47 ms, is
ssociated with higher peak in the 〈 OH| ξ 〉 distribution. Greater CH 4 
onsumption is observed for case B. This is attributed to the early
igher activity of case B (as observed in Figs. 7 and 8 ) promoting early
onsumption of methane and to the autoignition of n-heptane occur-
ing at leaner mixtures ( Fig. 10 ) compared to case A ( Fig. 9 ). When
utoignition of n-heptane occurs in rich mixtures oxygen and other
adicals are not suﬃcient for the combustion of both n-heptane and
ethane. Therefore, some methane survives (captured in Fig. 13 ),
hich could contribute to the so-called “methane slip” observed in
ctual gas engines [10] . The temporal evolution of 〈 CH 2 O| ξ 〉 is similar
or both cases; 〈 CH 2 O| ξ 〉 ﬁrst peaks at the ignition location and this
eak moves progressively to leaner mixtures while the peak value is
ecreasing. However, at the last instant plotted the CH 2 O mass frac-
ion spans over greater range of mixture fraction for case B, whereas
or case A, CH 2 O is found only for ξ < 0.02. At the last instant plotted
 t 5 = 1.47 ms), 〈 T | ξ = 0 〉 for case A has increased compared to the
orresponding temperature for case B, indicating premixed methane
gnition. This might be attributed to the adiabatic compression as the
130 E. Demosthenous et al. / Combustion and Flame 163 (2016) 122–137 
Fig. 13. Conditional averages of temperature, and CH 4 , CH 2 O, OH mass fractions at the indicated time instants for case A (upper) and B (lower). 
Fig. 14. Temporal evolution of (left) 〈 T | ξ = 0 〉 and (right) methane reaction rate 〈 RR . CH 4 | ξ = 0 〉 and OH mass fraction 〈 Y OH | ξ = 0 〉 , for both cases, conditional on ξ = 0 . 
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o  pressure has risen due to the n-heptane combustion ( Fig. 5 ), but also
due to diffusion of heat and radicals from the already ignited regions
initiating the premixed ﬂame. The contributions of these two phe-
nomena are explored in the next section. 
3.2.5. Premixed ﬂame initiation 
In order to examine whether methane in the oxidiser stream has
ignited, a τDNS 
id, 0 
is deﬁned as the time when T = 1250 K is reached
in the ξ = 0 ﬂuid, with ξ = 0 being deﬁned in the window 0 ≤ ξ ≤
0.005. Consequently, τDNS,A 
id, 0 
= 1 . 315 ms whereas τDNS,B 
id, 0 
= 1 . 290 ms.
Therefore, the higher 〈 T | ξ = 0 〉 of case A observed in Fig. 13 is not
indicative that ignition at ξ = 0 occurred earlier as this is an average
quantity and the cases investigated are subject to different adiabatic
compression. 
The contribution of the mechanisms involved in the premixed
ﬂame initiation is illustrated in Fig. 14 which shows the temporal
evolutions of 〈 T | ξ = 0 〉 , 〈 OH | ξ = 0 〉 and 〈 RR . CH | ξ = 0 〉 (where RR4 tands for reaction rate). During the early stages of evaporation and
ixture formation, the decrease of temperature due to evaporative
ooling is more signiﬁcant for case A resulting in higher heat re-
ease rates for case B (as seen in Fig. 8 ). As time advances, the tem-
erature rise for case A occurs earlier and is steeper (as showed in
ig. 5 ) because n-heptane autoignition occurs earlier ( Fig. 9 ), lead-
ng to higher pressures and temperatures than case B for t > 1.2 ms.
his is reﬂected to the temporal evolution of the average temper-
ture in the oxidiser stream ( 〈 T | ξ = 0 〉 ) shown in Fig. 14 . Hence,
 
T | ξ = 0 〉 of case A reaches the ignition threshold (1250 K) earlier
hich is consistent with the observation of Fig. 13 . Figure 14 shows
H mass fraction and CH 4 reaction rate at ξ = 0 in a representative
indow after n-heptane autoignition (1.3 ms ≤ t ≤ 1.4 ms). The ig-
ition kernels of case B are surrounded by very lean mixtures (see
ig. 11 ) and therefore OH reaches the ξ = 0 region earlier than for
ase A, which explains the slightly earlier consumption of methane
bserved. On the contrary, minor methane consumption is observed
E. Demosthenous et al. / Combustion and Flame 163 (2016) 122–137 131 
Fig. 15. Shaded contours of ξ and iso-lines of OH mass fraction ( 8 × 10 −4 (black), 5 × 10 −3 (white)) taken at x = 0.79 L , at t = 1.32, 1.40, 1.48 ms for case B. 
Fig. 16. Iso-surface of C = 0.5 at t = 1.40 ms (left) and t = 1.53 ms (right) for case B. 
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A  
c  or case A before signiﬁcant accumulation of OH ( t ≤ 1.35 ms). This
s favoured due to the higher temperatures observed because of the
igher amount of n-heptane that has burnt, which in turn promotes
xidation of methane. Once OH reaches the ξ = 0 region, methane
onsumption for case A is accelerated. Hence, methane oxidation
argely depends on both mass transfer from richer mixtures ( ξ > 0)
nd pressure rise and increased temperatures due to n-heptane au-
oignition. If R is very small, the pressure effect will be negligible, but
f R is large it can be dominant and then the methane/air mixture may
nock [3] . 
Contours of mixture fraction with super-imposed iso-lines of OH
ass fraction for case B, taken at x = 0 . 79 L at t = 1 . 32 , 1 . 40 , 1 . 48 ms,
re illustrated in Fig. 15 . The ignition kernels are surrounded by OH
hich is intensiﬁed at the interfaces between the ignition kernels and
ethane/air mixture ( ξ = 0 ). The temporal evolution of OH contours
eveals that apart from propagation to rich mixtures, OH migrates
rom ignition kernels to the premixed methane/air mixture. Methane
xidation at ξ = 0 is then initiated in the neighbourhood of the ig-
ition kernels as captured in Fig. 16 , which shows the growing out-
ine of the thin premixed ﬂame front visualized by the iso-surface of
 = 0 . 5 (see Eq. (4) ). 
.2.6. Discussion on the two modes of methane consumption 
It was previously shown that during n-heptane autoignition,
ethane is slowly consumed ( Figs. 6 and 7 ). In addition, n-heptane
gnition kernels at ﬁnite ξ , supply the ξ = 0 region with intermedi-
tes necessary for methane oxidation ( Figs. 14 and 15 ). These two
echanisms constitute the components for the description of the
henomena occurring at ξ = 0 . In this context, various scalars from
he DNS are plotted in Figs. 17 and 18 (for cases A and B respectively)
s a function of the progress variable C and compared with homoge-
eous reactor calculations and 1–D laminar premixed ﬂame calcula-
ions evaluated at the composition of ξ = 0 ( φCH 4 = 0.6). The deﬁ-
ition of progress variable C for homogeneous reactor and premixed
ame calculations is based on the inert value of methane mass frac-
ion found at φCH 4 = 0 . 6 , which is identical to Eq. (4) . 
The DNS data taken from case A correspond to t = 1 . 47 ms and
he data from case B correspond to t = 1 . 4 ms. The time instant cho-
en must satisfy two criteria: it ﬁrst has to be well after the premixed
ame initiation so that an adequate amount of points exist in the 0 ≤ ≤ 1 region, and secondly to be well before total methane consump-
ion so that enough points of intermediate methane consumption ex-
st. The pressure at t = 1.47 ms for case A has reached 70 bar whereas
he pressure for case B at t = 1.4 ms has reached 27 bar. The corre-
ponding temperature resulting from adiabatic compression ( T ad ) for
ase A (from P 0 = 24 bar to P ﬁn = 70 bar) is 1,425 K, and for case
 (from P 0 = 24 bar to P f in = 27 bar) it is 1,080 K. The resulting set of
onditions ( P ﬁn , T ad ) were used for the homogeneous reactor and pre-
ixed ﬂame calculations. Under these conditions, the ignition delay
ime predicted from homogeneous reactor calculations is 0.12 ms for
ase A and 10.53 ms for case B. It should be noted that under markedly
igh pressures (e.g. P = 70 bar) and temperatures (e.g. T = 1 , 425 K)
he concept of laminar premixed ﬂame may be questioned, as it is as-
ociated with short residence time and thin preheat zone. However,
sing an adequately thin preheat zone, such calculations are pro-
ided for comparison to the homogeneous reactor and DNS set of data
oints. Unity Lewis number is assumed in order to be consistent with
he DNS data. The laminar premixed ﬂame species proﬁles associated
ith the above conditions are expected to be quite thin and hence the
rid resolution initially implemented may be questioned. Notwith-
tanding the initial resolution limitation, the conclusions drawn from
he grid independence discussion presented in Appendix B demon-
trate that the coarse and ﬁne grid scatter plots of various quantities
ersus progress variable have very similar behaviours. 
In general, the scatter plots of case A ( Fig. 17 ) follow the behaviour
f a homogeneous reactor undergoing autoignition rather than the
remixed ﬂame concept, whereas the scatter plots of case B ( Fig. 18 )
eveal a more complex behaviour falling between these two canoni-
al ﬂame concepts. To start with, heat release rate of case A follows
he homogeneous reactor proﬁle whereas premixed methane ﬂame
alculations predict higher values of heat release rate that peaks at a
lightly lower value of C . With regard to case B, the heat release rate
roﬁles for the homogeneous reactor, premixed ﬂame, and DNS re-
ults are quite similar both qualitatively and quantitatively, suggest-
ng that the higher heat release reactions originate in the range of 0.7
C ≤ 1.0. Furthermore, the premixed ﬂame and homogeneous reac-
or calculations reproduce quite well the temperature proﬁle of the
NS data for case B. However, for 0.4 ≤ C ≤ 0.8 the temperature of
he DNS seems to be higher than what would be encountered if the
ethane was undergoing autoignition. It is also higher than the tem-
erature from the premixed ﬂame, indicating the contribution of heat
ransfer from the already ignited n-heptane regions. The temperature
bserved in the DNS data set of case A ( Fig. 17 ) is lower compared to
he homogeneous reactor and premixed ﬂame proﬁles especially for
ow values of C . This is because adiabatic compression gives higher
emperature than what is encountered in the DNS. Nevertheless, in-
reasing C , the temperature of the DNS seems to follow the homoge-
eous reactor proﬁle. 
Regarding the methane consumption rate, the scatter plot of case
 closely follows the homogeneous reactor proﬁle. With regards to
ase B, the premixed ﬂame calculations predict the consumption
132 E. Demosthenous et al. / Combustion and Flame 163 (2016) 122–137 
Fig. 17. Scatter plots of heat release rate (HRR), temperature, reaction rates of CH 4 , CH 3 , HO 2 , and CH 2 O and mass fractions of CH 3 , HO 2 , and CH 2 O at ξ = 0 , plotted against the 
progress variable C and compared with 1–D laminar premixed ﬂame calculations (red continuous line) and homogeneous reactor calculations (blue dashed line). The DNS data 
(black points) are taken from case A at t = 1.47 ms. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.) 
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m  peak at a slightly lower value of the progress variable C . The con-
sumption peak predicted by the homogeneous reactor calculations
coincides with the peak observed in the DNS, although the maxi-
mum consumption value is under-predicted. This is consistent with
the lower temperature observed, especially in the range 0.4 ≤ C ≤
0.8. Hence, the proﬁle of the DNS data set of case B, is closer to the
premixed methane ﬂame proﬁle against the progress variable C . 
According to the mechanism and temperature range considered
here, the chain initiation step for methane oxidation is thermal de-
composition, which produces H and H 2 , initiating the H 2 − O 2 chain.
Then a pool of O, OH, and H develops which abstracts H from CH 4 
producing CH 3 [20,52] . The proﬁles of CH 3 reaction rate and mass
fraction for case A, coincide with the homogeneous reactor proﬁle.onsidering case B, the reaction rate of CH 3 between 0.6 ≤ C ≤ 0.9
DNS data) is lower than the premixed ﬂame predictions and yet the
NS proﬁle of CH 3 is qualitatively similar to what is expected for a
remixed methane ﬂame. This indicates that the presence of CH 3 in
he ξ = 0 (case B) may be attributed to the mass transfer from the
-heptane kernels. 
Signiﬁcant production of HO 2 is evident in the window 0.3 ≤ C ≤
.6 especially for case B, which is not predicted from homogeneous
eactor or premixed methane ﬂame calculations. This is reﬂected in
he proﬁle of HO 2 mass fraction in the above-mentioned window of
 . Higher mass fraction of HO 2 in the DNS for both cases is also en-
ountered near C = 0 compared to the homogeneous reactor and pre-
ixed ﬂame calculations. For slightly higher value of C the scatter
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Fig. 18. Scatter plots of heat release rate (HRR), temperature, reaction rates of CH 4 , CH 3 , HO 2 , and CH 2 O and mass fractions of CH 3 , HO 2 , and CH 2 O at ξ = 0 , plotted against 
the progress variable C and compared with 1–D laminar premixed ﬂame calculations (red continuous line) and homogeneous reactor calculations (blue dashed line). The DNS 
data (black points) are taken from case B at t = 1.4 ms. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this 
article.) 
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p  lot of case A seems to follow the homogeneous reactor proﬁle while
or case B a more complex behaviour is observed. 
The presence of CH 3 leads to the formation of CH 2 O [20,52] , which
ill ﬁnally give CO and CO 2 [13] . The scatter plots of CH 2 O mass frac-
ion fall between the premixed ﬂame proﬁles and the homogeneous
eactor proﬁles for both cases, although the DNS data set of case A is
uch more closer to the homogeneous reactor proﬁle. This behaviour
as expected as the CH 2 O reaction rate of case A is also quite similar
o the homogeneous reactor proﬁle. The reaction rate of CH 2 O for case
 reveals a different behaviour which is reﬂected to the distribution
f CH 2 O mass fraction against C . In particular, the CH 2 O mass frac-ion remains higher than the premixed ﬂame proﬁle even for 0.4 ≤ C
0.85 when production rate is lower suggesting mass transfer from
> 0. Higher CH 2 O mass fraction is observed for homogeneous reac-
or calculations as the induction time for that system lasts for more
han 10 ms during which CH 2 O is accumulated. Therefore, the high
ass fractions of CH 2 O observed near C = 0 (although less prominent
or case A) may be explained as a consequence of the slow methane
utoignition, which was virtually initiated at t = 0 ms. 
The methane and oxygen gradients in the oxidiser stream are
mportant for the identiﬁcation of methane consumption centres in
hysical space. Due to the nature of the premixed methane oxidation
134 E. Demosthenous et al. / Combustion and Flame 163 (2016) 122–137 
Fig. 19. Scatter plots of dissipation rates of O 2 and CH 4 plotted against the progress 
variable C and compared with 1–D laminar premixed ﬂame calculations (red continu- 
ous line). The DNS data (black points) are taken from case B at t = 1.4 ms. (For inter- 
pretation of the references to colour in this ﬁgure legend, the reader is referred to the 
web version of this article.) 
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i  regime of case A, these gradients are lower compared to case B but
in general they follow the same trend. Hence the corresponding gra-
dients of case B are considered in the following. The scatter plots of
the dissipation of the key species (CH 4 and O 2 ) for case B against the
progress variable C are plotted in Fig. 19 (conditioned on ξ = 0 ). In
principle, the gradients follow the premixed ﬂame proﬁle but they
differ for 0.9 ≤ C ≤ 1.0, where the decrease to zero is sharper for the
DNS. This difference is also observed in the CH 4 gradients. Also, the
premixed proﬁle suggests higher gradients between 0.6 ≤ C ≤ 0.9,
but for DNS this transition is smoother. It is worth noting, that both
species reveal the presence of unreacted ( C = 0 ) methane/air ( ξ = 0 )
regions, with high gradients. This suggests the presence of ξ = 0 ﬂuid
around the n-heptane ignition kernels, which was previously dis-
cussed and identiﬁed as a major factor enabling the transfer of in-
termediates produced by the n-heptane kernels to leaner mixture
fractions ( Fig. 14 ). Finally, the behaviour of the cross scalar dissipa-
tion, namely χc = 2 D ∇ Y CH 4 ·∇ Y O 2 [54] against C (not shown here),
revealed predominantly positive values which indicates a premixed
combustion mode [54,55] . 
4. Conclusions 
Autoignition of n-heptane sprays in a methane/air mixture, rel-
evant to pilot ignited natural gas engines, was investigated by DNS
in order to provide some fundamental information of this relatively
unexplored problem. Two cases were studied that differed in the
amount of n-heptane while the temperature, the methane content in
the oxidiser stream, and the turbulence intensity were kept the same.
It was found that the presence of methane in the oxidiser stream
delays n-heptane autoignition compared to its ignition in pure air.
The turbulent spray case ignites later than the minimum autoigni-
tion time predicted from homogeneous reactor calculations as pre-
viously observed for turbulent non-premixed autoignition [27] . The
most reactive mixture fraction ( ξMR ) concept discussed for n-heptane
autoignition [24,31] is also valid for dual fuel combustion. However,
reducing the amount of n-heptane results in quicker disappearance of
ξMR due to mixing. Therefore, the autoignition of n-heptane occurs at
leaner mixtures that despite the somewhat longer autoignition time,
results in better methane oxidation. 
During n-heptane autoignition, methane is slowly consumed but
its autoignition time under the nominal conditions is one order of
magnitude longer than the autoignition time of n-heptane. Conse-
quently, the n-heptane autoignition kernels act as the source of igni-
tion for the premixed methane ﬂame. Essentially, the methane ﬂame
is initiated as a result of heating gained by the pressure rise caused by
the n-heptane oxidation and heat and mass transfer of radicals and
intermediates from the n-heptane ignition kernels. The difference
in the amount of n-heptane between the cases investigated yieldsifferent contributions of the above-mentioned mechanisms for the
remixed methane ﬂame ignition. For suﬃciently large amounts of n-
eptane, combustion of n-heptane results in increased pressure rise
nd signiﬁcant heating due to adiabatic compression accelerating the
low methane oxidation. Nevertheless, intense methane consump-
ion is initiated when radicals and intermediate species from the al-
eady ignited regions reach the oxidiser stream. On the contrary, for
mall amounts of n-heptane, intermediates reach the oxidiser stream
aster due to the very lean mixtures surrounding the n-heptane igni-
ion kernels. Hence, the premixed methane oxidation is initiated at
ntermediate temperatures. 
The difference in the amount of n-heptane also induces differ-
nt statistical behaviour of the premixed ﬂame when investigated
n a progress variable space. The progress variable used is associated
ith methane mass fraction. For large amounts of n-heptane, the pre-
ixed methane oxidation follows an autoignition regime whereas for
mall amounts of n-heptane a behaviour more similar to a canonical
remixed ﬂame is observed. 
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ppendix A. Assessment of the chemical scheme 
In this appendix the performance of the reduced chemical scheme
mployed in the DNS is evaluated by comparing the ignition de-
ay time and most reactive mixture fraction values to the corre-
ponding values resulting from the skeletal scheme from which it
as derived [20] . Homogeneous n-heptane/oxidiser mixtures are
onsidered with the oxidiser being a methane/air mixture at vari-
us equivalence ratios under the DNS conditions ( T ox = 1050 K, T F =
50 K, P = 24 bar). The Liu et al. (2004) scheme [20] is then ex-
mined in the context of methane laminar premixed ﬂame perfor-
ance by evaluating the laminar ﬂame speed at different condi-
ions as presented earlier in Fig. 4 . Following this, the laminar ﬂame
peed and species proﬁles predicted by the Liu et al. (2004) mech-
nism at the DNS conditions are compared with the corresponding
ame speed and species proﬁles predicted from the GRI-3.0 mech-
nism [46] that was originally developed for methane. The lami-
ar premixed ﬂame calculations were performed using the Cosilab
ackage [45] . 
.1. Homogeneous reactor calculations 
Homogeneous reactor calculations were performed using both
he reduced and skeletal mechanism [20] at the nominal conditions
 P = 24 bar, T = 1,050 K) in order to examine whether the steady-state
pproximations used in the reduced scheme affect the retarding ef-
ect of methane on n-heptane autoignition. The corresponding igni-
ion delay times and ignition locations in mixture fraction space are
llustrated in Fig. A.20 for a range of methane equivalence ratios in
he oxidiser stream. The reduced mechanism slightly under-predicts
he ignition delay time whereas it slightly overestimates the most re-
ctive mixture fraction. This might be attributed to the steady state
ssumptions adopted in the reduced scheme. The dominant initiation
eaction at low temperatures results in the formation of heptylperoxy
adicals (RO 2 ) which eventually leads to the formation of OH radical
hrough a chain-branching reaction. However, at intermediate tem-
eratures, the addition of O 2 to heptyl radicals shifts towards dissoci-
tion back to heptyl and O 2 , inhibiting ignition [20] . These reactions
re reduced into global steps in the reduced mechanism. Therefore,
gnition according to the skeletal mechanism tends to be prolonged.
evertheless, these differences are small, between 4 and 5 %, lead-
ng to the conclusion that the chemical scheme used in the DNS is
E. Demosthenous et al. / Combustion and Flame 163 (2016) 122–137 135 
Fig. A.20. Reference ignition delay times ( τ id ) and most reactive mixture fractions 
( ξMR ) predicted from the reduced and skeletal scheme. The pressure and temperature 
of the oxidiser and n-heptane streams are the same as the DNS conditions ( P = 24 bar, 
T ox = 1050 K, T F = 450 K). 
Fig. A.21. Laminar ﬂame speeds computed using the Liu et al. (2004) skeletal scheme 
[20] . Curves as in Fig. 4 . 
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φdequate for the description of the pilot fuel autoignition in the pres-
nce of methane. 
.2. Laminar premixed ﬂame calculations 
The n-heptane autoignition will serve as the energy source for
he premixed ﬂame initiation [3] and here the chemical mechanism
mployed is examined in the context of laminar methane premixedig. A.22. Species proﬁles computed using the GRI-3.0 mechanism [46] (left) and the Liu et a
CH 4 = 0 . 6 . ame. Laminar ﬂame speeds were computed at different pressures
nd temperatures as a function of the equivalence ratio of methane
nd plotted in Fig. A.21 . The conditions investigated are identical
ith the homogeneous reactor calculations ( Fig. 4 ). Comparison
f the ﬂame speeds predicted by the Liu et al. (2004) [20] skeletal
cheme with GRI-3.0 [46] is also shown in Fig. A.21 for T = 850 K
nd T = 1 , 050 K. It should be noted that the lean ﬂammability limits
resented are deﬁned as the equivalence ratio where S L /S L, 0 = 0 . 1
ith S L , 0 being the laminar ﬂame speed at stoichiometry. This
eﬁnition was also adopted by Neophytou et al. (2012) [23] in their
nvestigations on the performance of the chemical mechanism in
park ignition. Precise deﬁnition of the lean ﬂammability limits
n numerical investigations of methane/air premixed ﬂames, as
onducted by Egolfopoulos et al. (2007) [56] , are necessary when the
onditions considered are close to extinction. Additionally, the lean
ammability limits for the premixed methane ﬂame in the presence
f the n-heptane vapour may differ from the ﬂammability limits
f a pure methane/air mixture [13] . However, since the conditions
nvestigated in this study are far from the lean ﬂammability limit,
he above-mentioned criterion [23] was considered adequate for the
urpose of assessing the scheme. 
The laminar ﬂame speed exhibits the expected behaviour: in-
reasing pressure results in reduction of the ﬂame speed. Addition-
lly, higher mixture temperatures exhibit higher ﬂame speeds. Com-
ared to the GRI-3.0 scheme [46] , the Liu et al. (2004) [20] scheme
redicts reasonably well the laminar ﬂame speeds for a wide range
f equivalence ratios (0.4 ≤ φCH 4 ≤1.2) for both temperatures exam-
ned and only deviates markedly at the rich limit. Better agreement
etween the two schemes is accomplished for the high temperature
urves ( T = 1 , 050 K) although for the low temperature ( T = 850 K)
he methane ﬂame speed is also adequately predicted by the Liu et al.
2004) mechanism. Figure A.22 illustrates proﬁles of CH 4 , O 2 , CH 2 O,
H and temperature. The temperature and species proﬁles produced
ith the Liu et al. (2004) [20] scheme are qualitatively and quan-
itatively close to the proﬁles produced with the GRI-3.0 scheme.
he temperature and species proﬁles against the ﬂame coordinate in
ig. A.22 give an overall ﬂame thickness of about 0.1 mm, resulting in
 grid nodes across the ﬂame which is adequate for the purpose of the
tudy presented. Note that for φCH 4 = 0.6 at the nominal initial con-
itions ( T = 1050 K, P = 24 bar), S L = 0.73 m/s and so u ′ /S L = 1 . 15 for
he resulting turbulent premixed ﬂame of methane while L 11 /δ = 4 . 4 .
herefore, the methane ﬂame would lie in the corrugated ﬂamelet
egime according to [51] . 
ppendix B. Grid independence 
In this appendix the DNS results are explored by comparing the
btained data set with the data set of a supplementary DNS test casel. (2004) [20] skeletal scheme (right) at the nominal conditions; P = 24 bar, T = 1050 K, 
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Fig. B.23. Species proﬁles of a laminar premixed methane/air ﬂame at P = 27 bar, 
T = 1,080 K, φCH 4 = 0.6 using the Liu et al. (2004) chemical mechanism [20] . 
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Fig. B.24. Scatter plots of heat release rate (HRR), temperature, reaction rates of CH 4 , CH 3 , H
progress variable C using the test-case data set at t = 1.4 ms. ith ﬁner grid resolution. In principle, the grid spacing implemented
ust satisfy two criteria; ﬁrst it has to be large enough in order for
he point source approximation to be valid and secondly it has to be
dequately small to resolve the structures present in the simulation.
he ﬁrst condition limits the grid spacing to be of the same order of
agnitude with the droplet size so that on the one hand no sub-grid
ixing assumptions are being made and on the other hand the La-
rangian particle formulation yields meaningful results [57,58] . The
rst condition mainly refers to the stages of evaporation and mixture
ormation when droplets are present and a detailed description of
heir evolution is needed. The second condition may constitute a lim-
tation when the premixed ﬂames are dominant and ﬂame statistics
re being extracted quite later than the ﬁrst appearance of premixed
ame combustion mode. 
The grid spacing initially implemented (23 μm) is adequate to re-
olve the pre-ignition phase and the early stages of ignition of the n-
eptane spray as the proﬁles are expected to be wide and span over
everal grid nodes. However, when the premixed methane/air ﬂame
s initiated the grid resolution may be questioned as the species pro-
les are expected to be thin under the employed pressure and tem-
erature conditions. In order to explore the exhibited behaviour (e.g.
ig. 18 ), the DNS data set was compared to a test-case data set with
igher resolution. The test-case actually represents a restart of the
NS case B at t = 1 . 120 ms onwards after interpolating the solution
n a ﬁner grid. The time instant was chosen to be after evaporation
as completed and before ignition. The resolution of the ﬁner gridO 2 , and CH 2 O and mass fractions of CH 3 , HO 2 , and CH 2 O at ξ = 0 , plotted against the 
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[  as deﬁned based on the thinnest proﬁle that appears in the lam-
nar premixed ﬂame problem at the conditions when the premixed
ame was initiated (P = 27 bar, T = 1,080 K; i.e. the conditions of
ig. 18 ). The ﬁner grid consists of 300 grid points in each direction
esulting in 8 points across the thinnest species proﬁle of the laminar
remixed ﬂame (see Fig. B.23 ). Due to the prohibitive computational
ost, results on a ﬁner grid were only performed for case B. Case B is
 more stringent test of grid independence because in this case the
ethane–air mixture combusts in a premixed ﬂame regime. 
The proﬁles of Fig. 18 were repeated using the reﬁned data set
 Fig. B.24 ). The reﬁned proﬁles are qualitatively and quantitatively
imilar with the original data set, allowing the description of the
ame using the original data. Therefore, the coarse grid implemented
n the simulations presented as a restriction resulting from the
roplet modelling framework, does not alter the main features of the
remixed ﬂame, upholding the conclusions reached with the coarser
rid. 
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